The period gene (per) of Drosophila melanogaster affects circadian rhythms. Circadian fluctuations in per mRNA levels are thought to contribute to circadian fluctuations in per protein levels in the heads of adult flies. To address the mechanisms underlying these oscillatory phenomena, we have analyzed RNA and protein cycling from two per-1-galactosidase fusion genes. These studies demonstrate that 5' noncoding sequences fromper are sufficient to cause the fusion mRNA levels to cycle in a wild-type (rhythmic) background. Protein cycling requires additional sequences derived from theper codnt region. The data suggest that there is a per-dependent posttranscriptional mechanis that is under circadian cock control required for per protein levels to fluctuate in a rhythmic fashion.
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Circadian rhythms are endogenous biological cycles that have been extensively studied in a wide variety of organisms. These rhythms, which persist under constant environmental conditions, have been observed at the biochemical, behavioral, and physiological levels and can be entrained by numerous external cues, including light and temperature (1) .
In Drosophila melanogaster the period (per) gene affects the generation and/or maintenance of circadian rhythms (2) . This is exemplified by the fact that mutations at this locus have been shown to alter or eliminate various circadian and/or ultradian rhythms (for review, see ref. 2) . Although the biochemical function of the per gene is not known, these and other observations (3) suggest that the per gene product contributes to or influences oscillator function in the fruit fly.
More recent studies have also shown that the levels of per mRNA and perhaps the per protein undergo circadian fluctuations in the heads of adult flies (4) (5) (6) . The RNA cycling was assayed biochemically, whereas the protein cycling was inferred from immunohistochemical observations. The per gene products, therefore, behave similarly to transcripts and proteins in other systems that are subject to circadian cycling-e.g., luciferin-binding protein and other proteins in Gonyaulax (7, 8) , vasopressin mRNA in the rat suprachiasmatic nucleus (9) , chlorophyll a/b mRNA in plants (10) , and the mammalian liver transcription factor DBP (11) . It is likely that these other molecules lie downstream of a circadian oscillator and contribute to one or more output pathways. The per protein is unique in that it affects not only behavioral rhythms but also fluctuations in the levels of its own mRNA (4) .
To further understand the mechanisms involved in this feedback loop, we have undertaken a biochemical study of the various elements that contribute to both RNA and protein cycling. To this end, we have analyzed RNA and protein cycling from two per-,S-galactosidase fusion genes. We have been able to localize elements necessary for RNA cycling to the 5' noncoding region of the per gene. The results also indicate that the previously observed changes (5, 6) in per protein immunoreactivity are due to changes in per protein levels. Fusion protein cycling requires the presence of per coding sequences as well as the noncoding sequences required for RNA cycling, indicating that the protein cycling is not simply a consequence of fluctuations in mRNA levels. This suggests that there is a post-transcriptional mechanism under circadian clock control that contributes to the observed oscillations in per protein levels.
MATERIALS AND METHODS
DNA Constructions and Germ-Line Transformations. The SG construct employed in this study has been reported (12) . The NG DNA fragment was constructed by fusing the per DNA fragment in Fig. 1 (13) to a bacterial f-galactosidase DNA fragment in-frame at an Nco I site at the per translation start codon. per-and (3-galactosidase-containing DNA fragments were ligated into the P-element-containing vector cp20.1 (14) at the Xho I and Xba I sites, respectively. Four separate autosomal insert lines (all of which are immunohistochemically indistinguishable; data not shown) of each transformant were generated in per" hosts and crossed into X chromosome-bearing per+ backgrounds.
RNase Protection Assays. For each time point, heads and bodies were separated and RNA was extracted (4). The per 5/6 probe contains RNA from the Pst I site at position 6510 to the Pst I site at position 6054 (13) and protects an exon 6 fragment of 213 nucleotides (nt) as well as an exon 5 fragment of 172 nt. The f3-galactosidase probe includes RNA from the Hpa I site at nt 437 to the Sau3a site at nt 230 (13) and protects a fragment of 207 nt. As a control for the amount of RNA in each lane, an antisense ribosomal protein probe (RP49) was included in each RNase protection assay (4) . RNA hybridizations were performed as described (15) 
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4~.w A per°'-endo. (5, 6) , and it contains all of the 5' noncoding information present in a per gene construct that rescues the circadian rhythms of the arrhythmic per0l host strain (13) . The other construct, NG, contains the same 5' nontranscribed sequences as SG but is fused to 83-galactosidase at the initiating ATG; i.e., it encodes no per amino acid sequence. Also, it is missing the large first intron that is present in SG (Fig. 1) . Both fusion genes fail to restore the missing locomotor activity rhythms of per"' flies, and they have little or no effect on circadian locomotor activity rhythms in wild-type (per') backgrounds (ref. 12 and data not shown; also see Discussion).
To test for SG fusion gene-derived transcript cycling in a rhythmic background, per+ ;SG flies were collected and fro- -.M zen at 4-hr intervals during a 12-hr light/12-hr dark cycle. RNA was isolated from the frozen heads and the fusion transcript was assayed by RNase protection. The endogenous per transcript was similarly assayed and served as an internal control (Fig. 2) . Both endogenous and fusion transcripts cycled with similar phases and amplitudes, indistinguishable from what has been described for the per transcript in wild-type flies (4) . The results indicate that the SG fusion gene contains cis-acting sequences that are sufficient for circadian cycling of its mRNA. Thus, the 3' half of the per transcript is not necessary for mRNA cycling, nor does the presence of the f3-galactosidase portion of the fusion RNA detectably affect its cycling.
In an arrhythmic per0' genetic background (Fig. 2) , both the SG fusion transcript and the endogenous per0' transcript failed to manifest detectable cycling, as reported for the per0' transcript (4 Edery, unpublished observations). Consequently, we sought to address this issue by determining whether B-galactosidase activity undergoes circadian cycling in the fusion-genebearing transformants. Extracts were prepared from adult heads because the level of endogenous enzyme activity is considerably higher in the body than the head (ref. 12 and data not shown). Also, the use of head extracts was indicated since genetic mosaic analysis has identified the head as the focus of the effect of per on adult activity rhythms (17) and since per mRNA cycling and protein immunoreactivity cycling are most apparent in these tissues (4) (5) (6) .
As for the RNA cycling experiments reported above, flies were collected and frozen at 4-hr intervals during a 12-hr light/12-hr dark cycle. Protein extracts were prepared from heads and assayed for 3-galactosidase activity. In a wild-type background, the SG transformants showed a strong cycling of /3-galactosidase activity. The amplitude ranged from 4-to 9-fold in several independent experiments (Fig. 4A) , and the times of peak and trough values were similar if not identical to those reported for the oscillations in per immunoreactivity (5). We note that peak values of the per transcript precede the peak values of both immunoreactivity (5) and SG /8-galactosidase activity (Fig. 4) by approximately 6 hr. As was found for the RNA cycling, no significant fluctuations were apparent in an arrhythmic (per01) background.
In contrast, the NG transformants manifested no 83-galactosidase activity cycling, even in wild-type backgrounds (Fig.  4B) . Because the NG fusion gene transcript. levels cycled normally (Fig. 3) A transcriptional control mechanism that governs RNA cycling and a second post-transcriptional mechanism necessary for 'protein cycling might also help to explain the substantial lag (-6 hr) between the SG RNA peak and the fusion protein peak. As the fusion RNA fluctuations are indistinguishable from those of per mRNA (4) and as the immunohistochemical per protein fluctuations (5, 6) are similar to the SG fusion protein fluctuations, a similar lag probably exists between the per mRNA peak and its protein peak. This is presumably due to the same post-transcriptional mechanism that governs the SG fusion protein cycling. Because the NG f3-galactosidase activity levels are relatively high and because the noncycling SG levels in an arrhythmic (per01) background are also high, this mechanism probably operates to reduce SG 
